and APP, is upregulated, the phosphorylation of known lalle et al., 1997; Tomizawa et al., 1996), p25 did not label axonal fiber tracts in the forebrain (data not shown). physiological Cdk5 substrates is not increased in p25 Tg mice. Our results indicate that p25 may redirect Cdk5 to alternative substrates involved in neurodegeneration.
Neurodegeneration in p25 Tg Mice Our findings also support the concept that neurodegenInduced p25 Tg mice compared to control littermates eration and tau pathology can be a consequence of exhibited a slightly decreased body weight. Upon gross pathogenic p25/Cdk5 activation and highlight the signifinspection of brains from control and p25 Tg mice, we icance of protein phosphorylation in the progression of found a significant decrease in forebrain mass in Tg neurodegenerative diseases. mice ( Figure 2A ) revealed that, as compared to control mice, Tg mice Expression of these constructs in cultured cells showed induced for 8 or 12 weeks exhibited a 25% or 40% that both p25-GFP and p25-Cmyc behave similarly in decrease in cortical neuronal density, respectively. The that their subcellular localization and ability to activate neuronal density was indistinguishable between WT and Cdk5 was identical to that of untagged p25 (data not noninduced Tg mice ( Figure 2F ), indicating that the neushown). We further characterized independent Tg mouse ropathology observed in p25 Tg mice is due to degenerlines expressing p25-GFP and p25-Cmyc and found that ation in adulthood caused by postnatal p25 induction both Tg mouse lines had similar expression profiles and and is not attributed to minimal p25 expression prior phenotypes. These cumulative results demonstrate that to induction. the epitope tags themselves neither interfere with the Reactive astrogliosis often accompanies neuronal biological activity of p25 nor are they responsible for loss and serves as a hallmark lesion for neurodegenerathe phenotypes we observe. tion. A remarkable increase in GFAP-immunoreactive In forebrains of induced p25-GFP Tg mice, robust radial and stellate-shaped astrocytes was quite evident p25 transgene expression was detected as compared throughout the cortex and hippocampus of p25 Tg mice to forebrains of wild-type (WT) and noninduced p25 Tg ( Figure 2G ). Certain neurons were also positive for active mice ( Figure 1A) . Cdk5, p35, p39, and ␤-actin expression caspase-3 in the cerebral cortex of Tg mice ( Figure 2H ). were similar in all mice ( Figure 1A ). Upon dissection of
In the dentate gyrus of the hippocampus, there was an various brain regions from control and induced Tg mice, overlap among those neurons that expressed p25 and immunoblot analysis revealed substantial p25 expreswere positive for active caspase-3 ( Figure 2I ). Neither sion and induction in the cerebral cortex, hippocampus, active caspase-3 nor GFP staining was found in control and striatum with minimal p25 expression in the cerebelmice. These immunohistochemical results were further lum of induced Tg mice ( Figure 1B) . Either low or no corroborated by immunoblot analysis. Increases in both p25 expression was found in noninduced Tg and WT GFAP and active caspase-3 immunoreactivities were mice, respectively ( Figure 1B) . Similar results were also found in forebrain, but not hindbrain, lysates from Tg found in the p25-Cmyc Tg mouse line (see Supplemental mice ( Figure 2J ). Together, these results indicate that Figures S1A and S1B at http://www.neuron.org/cgi/ the age-dependent neuronal loss, accompanied by excontent/full/40/3/471/DC1). Our results are consistent tensive astrogliosis and caspase-3 activation, occurs with those from previous studies using the CamKII-tTA with a selective pattern of degeneration that correlates mice to inducibly express other transgenes (Mayford et with p25 expression in Tg mice. al., 1996; Yamamoto et al., 2000). We next determined the subcellular localization of the p25-GFP transgene with anti-GFP to distinguish p25 from endogenous p35.
Increased Cdk5 Activity and Differential Substrate Phosphorylation in p25 Tg Mice We found that p25 displayed a somatodendritic staining pattern in neurons of the cerebral cortex and the hippoWe next sought to determine if neurodegeneration was triggered by increased Cdk5 activity in p25 Tg mice. campus ( Figure 1C) . Unlike the localization of p35 (De- these sets of substrates support the notion that p25 have been shown to be phosphorylated by Cdk5. Immuexhibits altered substrate specificity from that of p35. noblot analysis using SMI34, recognizing phosphorylated NF, showed a marked increase in NF phosphorylaTau Hyperphosphorylation and Microtubule tion in Tg mice as compared to WT mice. Conversely, Polymerization in p25 Tg Mice there was a decrease in the amount of unphosphoryWe next examined whether increased p25/Cdk5 activity lated NF in Tg mice when immunoblotted with SMI32, affects endogenous tau phosphorylation in p25 Tg mice. recognizing unphosphorylated NF ( Figure 3B ). In Tg Western blot analysis of WT and Tg forebrain lysates mice, phosphorylation of T668 in the cytoplasmic doshowed that total levels of tau were similar ( Figure 4A ). main of APP was considerably higher than in control littermates ( Figure 3B ).
Increased phosphorylation of tau at several epitopes . To examine if endogenous mouse tau can form similar tau aggregates, we To obtain a more comprehensive picture of the tau phosphorylation profile in p25 Tg mice, we performed isolated these fractions from forebrains of 8 and 12 week induced p25 Tg mice and found a substantial portion tandem mass spectrometry on heat-stable soluble tau preparations derived from WT and Tg mice. Although of tau localized to the sarkosyl-insoluble fraction ( Figure  5A ). Moreover, phosphorylation of tau, as revealed by phospho-tau peptides were detected in both WT and Tg mice, the phospho-tau peptide profiles obtained were AT8 antibody, in these fractions, was considerably increased in 12 week induced Tg mice ( Figure 5A ). We different between the samples, with only a few regions of overlap ( Figure 4E ). These results suggest that the also analyzed the p25-Cmyc Tg mouse line that displays similar phenotypes as those described for the p25-GFP phosphorylation pattern of tau is significantly changed in Tg mice. A total of 6 phosphorylated tau sites in Tg mouse line (see Supplemental Figure S1 at http:// www.neuron.org/cgi/content/full/40/3/471/DC1). In WT and 15 phosphorylated tau sites in Tg mice were identified (Table 1) . Tau peptides containing phosphoryTg mice induced for 15 weeks, there was less soluble tau with a concomitant increase in insoluble tau as comlated S202, T205, and T396 were found only in Tg mice, supporting our results using AT8 and PHF1 antibodies pared to control mice ( Figure 5B ). Similar results were also found in forebrains of 27 week induced Tg mice, (Figures 4B-4D) . The presence of other tau peptides containing phosphorylated proline-directed and nonin which insoluble tau accumulated and could be dephosphorylated upon phosphatase treatment (Figure proline-directed phosphorylation sites were also detected in Tg mice. 5C). Furthermore, in hindbrains, which express low p25 levels, of these animals, no accumulation of tau was One physiological role of tau is to aid in the polymerization of tubulin to form stable microtubules. When observed ( Figure 5C ). These observations demonstrate that tau aggregation progressively and selectively develhyperphosphorylated, tau can no longer efficiently bind to microtubules, thereby inhibiting the formation of polyops in p25 Tg mice. Considering the accumulation of aggregated tau in Tg mers of microtubules. To determine if this function of tau is compromised in p25 Tg mice, we performed a mice, we next examined the ultrastructure of the sarkosylinsoluble fractions using transmission electron microsmicrotubule polymerization assay. Over time, tubulin alone, without tau-containing lysates, did not efficiently copy. As shown by tau5 and 5E2 immunogold labeling, numerous tau immunoreactive filaments were identified polymerize into microtubules ( Figure 4F ). When heatstable tau preparations derived from WT forebrains were that had a diameter between 10 and 20 nm ( Figures 5D  and 5E ). Tau aggregates prepared from 1-year-old Tg added to tubulin, efficient microtubule polymerization was observed ( Figure 4F) ; however, when similar tau mice expressing the human tau P301L mutation (Lewis epitopes, including AT8 and PHF1 ( Figure 5E ). Further- Phosphorylated residues are labeled in bold font. The numbering in the mouse tau peptide sequences are based on human tau with 441 amino acids. here that active caspase-3, a downstream effector of apoptosis, strongly correlates with p25 expression, furDeregulated Cdk5 activity also leads to the hyperphosphorylation and accumulation of aggregated tau, which ther suggesting that apoptotic machinery may be activated by p25 in vivo. A direct link between p25 and precedes the formation of NFT-like structures. We present a mouse model that shows tauopathy derived from apoptotic machinery, however, still remains to be established. endogenous tau and increased kinase activity. Notably, these degenerative and pathological features are closely Due to the different biochemical properties and subcellular localizations of p25 and p35, these regulatory associated with the cerebral cortex and hippocampus, the major brain regions affected in several human neuroproteins may preferentially direct Cdk5 toward specific subsets of substrates. The p25/Cdk5 complex, as comdegenerative disorders, including frontotemporal dementias and AD. tral nervous system relatively unaffected in frontotemporal dementias and AD. This may be due to the different Taken together, these observations suggest that there are different subsets of Cdk5 substrates that can be promoters utilized to generate these Tg mice. Here, we demonstrate that increased Cdk5 activity leads to insolinfluenced by p25 or p35 in vivo.
Cdk5 phosphorylates several epitopes of tau in vitro uble aggregation and fibrillization of endogenous tau in the cortex and hippocampus of p25 Tg mice, showing that are also hyperphosphorylated in AD brains and is thought to play a role in the transformation of tau into a striking resemblance to the prolyl isomerase Pin1 knockout mice (Liou et al., 2003) . Because no genetic NFTs. Here, we show that in p25 Tg mice, these epitopes of endogenous tau are hyperphosphorylated in vivo. mutations in tau have been found in human AD patients to date, our finding that p25 induces tau pathology deOur results from tandem mass spectrometry analysis, coupled with that data using AT8 and PHF1 antibodies, rived from endogenous tau underscores a role for p25/ Cdk5 in influencing the progression of neurofibrillary demonstrate tau epitopes at S202, T205, and S396 are phosphorylated in p25 Tg mouse brains. Other prolinepathology in AD. Furthermore, our study complements previous mouse and fly models of neurodegeneration directed residues, S178, S199, T217, and S235 are phosphorylated upon p25 induction, suggesting that phosto provide further evidence for the general importance of protein phosphorylation and aberrant kinase activity phorylation at these sites may be mediated through p25/ Cdk5 and/or other proline-directed kinases. degeneration, however, remains to be elucidated.
Supernatants were spotted on P-cellulose discs, washed in 0.3% phosphoric acid, and counted in a liquid scintillation counter.
In summary, the phenotype manifested in our induc-
